Abstract Free-living amoebae (FLA) are ubiquitous protozoa found worldwide in the environment. They feed by phagocytosis on various microorganisms. However, some bacteria, i.e., amoebae-resistant bacteria (ARB) or bacterial endocytobionts, can resist phagocytosis and even multiply inside FLA. This study investigated the diversity of culturable FLA in various soils from agricultural and mining sites and their bacterial endocytobionts. FLA were cultured on nonnutrient agar with alive Escherichia coli and identified by PCR and sequencing. Amoebae were lysed and bacterial endocytobionts were cultured on TSA 1/10 and Drigalski medium. Bacterial isolates were identified by PCR and 16S rDNA sequencing and characterized for their antibiotic resistance properties. To measure bacterial virulence, the amoebal model Dictyostelium discoideum was used. The analysis of FLA diversity showed that Tetramitus was the most prevalent genus in agricultural soil from Burkina Faso (73%) and garden soil from Vietnam (42%) while Naegleria and Acanthamoeba were dominant genera in mining soil from Vietnam (55%) and French alpine soil (77%). Some genera were only present in one out of the four soils analyzed. The bacterial endocytobiont included Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria. Human opportunistic pathogens identified as Pseudomonas aeruginosa, Stenotrophomonas maltophilia, and Burkholderia cepacia were found associated with amoebae including Micriamoeba, Tetramitus, Willaertia, or Acanthamoeba. Some of these bacteria showed various antibiotic resistance phenotypes and were virulent. Our study confirms that the occurrence of these opportunistic bacteria with FLA in soils may be important for the survival, multiplication, and spread of pathogens in the environment.
Introduction
Free-living amoebae (FLA) are ubiquitous protozoa that can be isolated from a wide range of sources around the world including water, sediment, soil, compost, and air. They occur in natural and engineered aquatic environments such as rivers (Pagnier et al. 2015) , water biofilms (Amissah et al. 2014) , tap water (Delafont et al. 2013) , hospital water networks (Thomas et al. 2006) , cooling towers (Atlan et al. 2012) , water pipes, and wastewater treatment plants (Hoffmann and Michel 2001; Schulz et al. 2015) . Their abundance was reported to be higher in wastewater as these environments are enriched in organic material and bacteria, which serve as food for protozoa (Ramirez et al. 2005 (Ramirez et al. , 2014 . Some studies on the prevalence and diversity of FLA in soils have been conducted; however, they focus on extreme environments such as desert soils (Rodríguez-Zaragoza and Garcia 1997; Rodriguez Zaragoza et al. 2005) and wet soils from the Arctic and Antarctic (Tyml et al. 2016) . Acanthamoeba (Geisen et al. 2014) , Vermamoeba (formerly Hartmannella) (Mohaghegh et al. 2016) and Naegleria (Tyml et al. 2016) are among the most frequently described soil amoebal genera identified using culture-based approaches.
FLA belong to three groups among the eukaryotic tree of life: Amoebozoa, Excavata, and Opisthokonta. They exist in two different forms: the cyst, which is a dormant stage, and the trophozoite, which is the reproductive and active feeding stage. An additional flagellate form has been described in Naegleria (Greub and Raoult 2004) . In the environment, FLA feed by phagocytosis on various microorganisms including algae, fungi, and bacteria, and therefore play a primordial role in microbial communities (Rodríguez-Zaragoza 1994) . Even if this predation exists, co-culture approaches (Evstigneeva et al. 2009 ) and, more recently, metagenomics approaches (Garcia-Sanchez et al. 2013; Delafont et al. 2013) showed that a wide range of bacterial species is resistant to phagocytosis. These bacteria were named ARB for Bamoebaeresistant bacteria^ (Greub and Raoult 2004) or bacterial endocytobionts (Scheid 2014; Balczun and Scheid 2017) . Among them, there are obligate or facultative intracellular bacteria such as Chlamydia-related bacteria (Schmitz-Esser et al. 2008 ), but also various species known as human pathogens such as Legionella pneumophila, Streptococcus pneumoniae, Bacillus cereus, Staphylococcus aureus, or Mycobacterium avium (Cirillo et al. 1997; Huws et al. 2008; Evstigneeva et al. 2009; Scheikl et al. 2014) . It was recently shown that the bacterial community associated with FLA present in drinking water networks was dominated by Proteobacteria, namely Pseudomonas and Stenotrophomonas genera (Delafont et al. 2016) . Despite being less prevalent than Legionella spp. or Mycobacterium spp., Pseudomonas aeruginosa was frequently detected among various waterborne opportunistic pathogens associated to Vermamoeba vermiformis and Acanthamoeba spp. in a drinking water distribution system (Lu et al. 2016) . Several studies showed that some bacteria not only resist phagocytosis but also survive and multiply and might exhibit enhanced virulence and antibacterial resistance after growth in amoebae (Loret and Greub 2010) . Therefore, the role of FLA as vectors and reservoirs of human pathogens is of particular concern.
Most studies investigating the prevalence of intra-amoebal bacteria were conducted on water habitats. To our knowledge, only one study characterized the diversity of ARB with FLA in soils using co-culture approaches (Evstigneeva et al. 2009 ). However, soils represent an important reservoir of antibioticresistant bacteria and antibiotic-resistant genes (Canteón 2009) . Similarly, opportunistic human pathogens are present in soil either as indigenous and biologically active and/or transient populations suggesting that soil FLA can also be reservoirs of resistant human pathogens (Greub and Raoult 2004) .
In this context, the aim of our study was (i) to evaluate the prevalence and diversity of amoebae from several soils chosen for their various use (agricultural and mining sites) and geographical origins, i.e., France, Burkina Faso, and Vietnam, and (ii) to determine the diversity of bacterial endocytobionts and their antibiotic resistance and virulence properties. As we were interested in analyzing the bacterial endocytobiont per amoebal genera and in antibiotic resistance as well as virulence properties per bacterial species, our study was conducted using a cultured-based approach.
Materials and methods

Soil origin and sampling
Studied soils were from France, Vietnam, and Burkina Faso. They were chosen to represent various geographical origins, climates, and vegetation covers. Samples from France were collected in an alpine pasture (Le Sapey, Rhône-Alpes region, continental climate) during spring in May. Samples from Vietnam were collected in a garden at the University of Hanoï (V1) and at the Trai Cau mining site, Thai Nguyen province (V2), during winter (March) under tropical climate. Those from Burkina Faso were collected in a field planted with sorghum at the periphery of Ouagadougou during summer (February after a rainy period) under sub-Sahelian climate. At each location, the samples were collected from the upper layer (0-10 or 0-20 cm) and sifted through 2-mm-mesh sieves before processing (Deredjian et al. 2016) . Soil characteristics are shown in Supplementary Table 1 .
Isolation of free-living amoebae
Free-living amoebae were extracted according to Rodriguez Zaragoza et al. 2005 and Stefan et al. 2014 with the following modifications: 5 g of fresh soil was mixed with 5 ml of a Neff's saline solution for 3 min using a vortex. The homogeneous soil suspension was left to settle for 5 min and was serially diluted 10-fold in a Neff's saline solution, and 1 ml of each dilution was spread on 10 non-nutrient agar plates seeded with a thin layer of alive Escherichia coli K12 (NNA-E. coli) and incubated at 30°C for 7 days. The plates were daily monitored with an inverted phase contrast microscope (Nikon biostation IM with a single ×40 lens) at ×400 magnification to search for the amoebal emerging fronts. The amoebal emerging fronts were then isolated and subcultured on fresh NNA-E. coli until obtaining pure culture (Jacquier et al. 2013) . These fronts were first examined phenotypically for the size of the trophozoite forms and the size and characteristics of the cysts. For each soil sample, the concentration of amoebae was determined following the most probable number (MPN) method with 95% of interval confidence (De Man 1975) . Then, amoebae were recovered by scraping the agar plate with a loop for collection, DNA extraction, or lysis.
Identification of free-living amoebae
Principle DNA from amoebae was obtained by cell lysis using the freeze-thaw method (100°C for 15 min before transfer at − 20°C). The identification was confirmed by ITS-PCR analyses derived from Pelandakis and Pernin (2002) with more conserved primers (namely C1) in order to detect most soil amoebae. The upper primer (C1U) and the reverse primer (C1R) were located in the small-subunit (SSU) and the large-subunit (LSU) rRNA genes, respectively. This procedure together with the morphological analysis enabled us to identify most soil amoebal genera (whose most frequently encountered genera were Vermamoeba, Naegleria, and the closely related genera). The SSU-PCR analyses according to Atlan et al. (2012) were used to confirm the identity of several isolates and if negative ITS-PCR results were observed. Additionally, Acanthamoeba being sometimes difficult to amplify with the ITS-PCR method because of a particularly longlength ITS region (1.3 kb), we used the genus-specific PCR for Acanthamoeba using the JDP primers (Schroeder et al. 2001) to assess the identity of the genus.
PCR procedure
The ITS-PCR were performed using the upper primer C1 (C1U: 5′ TACGTCCCTGCCTTTTGT 3′), and the reverse primer C1 (C1R: 5′ TATGCTTAAATYCAGSGGGT 3′). PCR was conducted in a final reaction volume of 38 μL containing 3 μL template, 19 μL of EconoTaq PLUS GREEN Master Mix (Euromedex, Souffelweyersheim, France), with forward and reverse primers 2.5 μL (10 μM) each. Amplification conditions were 3 min pre-heating at 95°C, followed by 35 cycles at 95°C for 30 s, 56°C for 30 s, 72°C for 1 min, and final extension for 5 min at 72°C. The SSU-rDNA PCR was performed according to Atlan et al. 2012 which amplifies approximately 700 bp of the 18S rRNA gene. PCR analyses were performed using a CFX96 real-time thermocycler (Bio-Rad, Marnes-la-Coquette, France).
The specific PCR for Acanthamoeba was carried out using the specific primers JDP1 (5'GGCCCAGATCGTTT ACCGTGAA 3′) and JDP2 (5′ TCTCACAAGCTGCT AGGGGAGTCA 3′) which amplify approximately 500 bp of the 18S rRNA gene (Schroeder et al. 2001) . Amplification was conducted in a final reaction volume of 38 μL containing 3 μL template, 19 μL of EconoTaq PLUS GREEN Master Mix, with forward and reverse primers 2.5 μL (10 μM) each. Amplification conditions were 3 min preheating at 94°C, followed by 30 cycles at 94°C for 30 s, 58°C for 30 s, 72°C for 30 s, and final extension for 3 min at 72°C (Bio-Rad).
Amplified DNA was detected by 1.5% agarose gel electrophoresis and visualized by ethidium bromide staining. Amplicons were submitted for purification and sequencing by GENOSCREEN (Lille, France) using ABI3730XL. Nucleotide sequences were about 700 bp and were identified by a BLAST search optimized for highly similar sequences (NCBI megablast algorithm).
Isolation of bacterial endocytobionts
Amoebal lysis was performed from the pure subculture of amoebae showing different morphological features of trophozoite and cysts. Amoebae were harvested by cell-scraping and suspended in 1 mL of Neff's medium. After two wash steps, amoebal lysis was performed by shearing for 5 min with a 26G needle. Bacterial endocytobionts were enumerated by performing a 10-fold dilution of the lysate from 10 0 to 10
and 100 μl of each dilution was spread on non-selective TSA 1/10 medium (Oxoïd) and on Drigalski selective medium (Biokar diagnostics) to detect gram-negative species including various opportunistic pathogens. Three plates were inoculated per dilution. The plates were incubated at 30°C for 4 days. Macroscopic characteristics of the growing colonies were regularly monitored and each isolate was subcultured on TSA 1/ 10 or Drigalski for further analysis. Bacterial endocytobionts were isolated by a culture approach and a representative of each morphotype of bacteria was used for the sequencing.
Identification of bacterial endocytobionts
A representative of each morphotype on TSA 1/10 and Drigalski media was selected for sequencing. DNA from bacterial endocytobiont was obtained by lysing cells using the freeze-thaw method. The PCR analyses were performed using universal primers 8F (5′ AGAGTTTGATCCTGGCTCAG 3′) and 1492R (5′ AAGGAGGTGATCCAGCCGCA 3′) targeting 16S rDNA gene (Weisburg et al. 1991) . PCR was conducted in a final reaction volume of 25 μL containing 2 μL of a bacterial cell lysate as a source of DNA template, 0.25 μL TaqCore, 2.5 μL dNTP (2 mM), 2.5 μL of PCR buffer 10× with MgCl 2 , with forward and reverse primers 1.25 μL (10 μM) each. Amplification conditions were: 5 min preheating at 94°C, followed by 30 cycles at 94°C for 1 min, 60°C for 1 min, 72°C for 1.5 min, and final extension for 7 min at 72°C (Veriti; ThermoFisher Scientific, Ecublens, Suisse).
To confirm the identification of Burkholderia cepacia complex (Bcc)-like isolates, a PCR targeting the recA gene with the recA primers (BCR1 and BCR2) specific to Bcc which led to the amplification of a 1043 bp fragment was performed (Mahenthiralingam et al. 2000) . Pseudomonas aeruginosalike isolates were screened by PCR for the presence of the ecfX gene, a P. aeruginosa species-specific marker (Lavenir et al. 2007 ). Those identified as Stenotrophomonas maltophilia were confirmed according to the procedure described by Pinot et al. (2011) .
Amplified DNA was resolved by electrophoresis in 0.8% agarose gels, stained with ethidium bromide, and photographed using a Gel Doc 1000 camera (Bio-Rad). Sequencing was performed on the 16S rRNA gene PCR fragment using primers 16S-906R (Weisburg et al. 1991) . Sequencing was performed by Biofidal (Villeurbanne, France). Partial 16S rDNA sequences of about 1000 bp were obtained. Identification at the species level was performed by comparison with the Ribosomal Database Project database (http://rdp.cme.msu.edu/) and by using Blast (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
Antibiotic resistance test
Susceptibility to antimicrobial agents was determined by the standard Kirby-Bauer disk diffusion method for all bacterial endocytobionts. Twenty-three antibiotics were chosen on the basis of their ability to highlight supplementary antibiotic resistance in comparison to natural resistance of each species. Inocula were prepared by the direct inoculum method from 24-h growth on MuellerHinton agar plates and adjusted to a 0.5 McFarland standard. Mueller-Hinton medium agar (Dutscher, Issy-lesmoulineaux, France) was swabbed with the culture. The disks (Bio-Rad) were placed in upright position on the surface of the test plates [TIC = ticarcillin 75 μg, TCC = ticarcillin clavunalic-acid 75/10 μg, PIP = piperacillin 75 μg, PPT = piperacillin-tazobactam 75/10 μg, CAZ = ceftazidime 30 μg, IPM = imipenem 10 μg, GM = gentamicin 15 μg, TM = tobramycin 10 μg, AKN = amikacin 30 μg, CIP = ciprofloxacin 5 μg, FEP = cefepime 30 μg, CPO = cefpirome 30 μg, MEM = meropenem 10 μg, NET = netilmicin 30 μg, CHL = chloramphenicol 30 μg, TET = tetracyclin 30 μg, ATM = aztreonam 10 μg, CS = colistin 50 μg, DORI = doripenem 10 μg, LVX = levofloxacin 5 μg, OFX = ofloxacin 5 μg, SXT = trimethoprim/sulfamethoxazole 1.25/23.75 μg, PEF = pefloxacin 5 μg]. After incubation of the plates at 37°C for 18-24 h, the plates were scored for growth by measuring the diameter of the inhibition zone with respect to each disc. Interpretations were established following the recommendations of the antibiogram committee of the French Society of Microbiology (EUCAST 2010 and . The quality control strain for antimicrobial susceptibility testing was Pseudomonas aeruginosa ATCC 27853.
Virulence assays
Virulence of human opportunistic pathogens isolated as bacterial endocytobionts was determined using plate-killing assay with the alternative amoebal model, D. discoideum (Cosson et al. 2002; Froquet et al. 2008) . From the overnight bacterial culture, the optical density (OD) at 600 nm was adjusted to 1.5 by dilution in LB. One milliliter of each adjusted bacterial suspension was plated on Sm Agar (Formedium, Hustanton, UK) medium. The plates were allowed to dry for 1 h to obtain a dry bacterial layer.
Cells of D. discoideum AX2 were washed twice in HL5 medium by centrifugation at 1000 g for 10 min. The amoebal suspension was adjusted to 2 × 10 6 cells mL −1 and serial dilutions were realized in order to obtain spot of five μL of D. discoideum with 14,000 at 39 cells. Each spot was spotted on the bacterial lawn. The plates were incubated at 22.5°C for 5 days and appearance of phagocytic plaques was checked at the end of the incubation time. This assay was performed in triplicate.
Strains of P. aeruginosa PT5 (Favre-Bonte 2003) and K. pneumoniae KpGe (kindly provided by Pierre Cosson) were used as negative (virulent P. aeruginosa PT5 should be non-permissive for D. discoideum growth) and positive controls (K. pneumoniae KpGe non-virulent strain should be permissive for D. discoideum) respectively, for each assay.
In order to interpret the results, three categories were defined by Adamek et al. (2011) : non-virulent (less than 400 amoebae for lysis plaque formation), low-virulent (400-2500 amoebae for lysis plaque formation), and virulent (more than 2500 amoebae).
Statistical analyses
To investigate the relationships between antibiotic resistance and amoebal or soil origin, a principal component analysis was performed using a table containing 50 rows (bacterial isolates) and 23 variables (antibiotics) on the data corresponding to the diameter of the inhibition zone using R® software, version 3.1.2 (Thioulouse and Dray 2007) .
Results
Abundance and diversity of FLA Using the MPN method, we detected 8480, 7186, 8462, and 563 CFU (g drywt soil)
−1 in soil samples from Burkina Faso, garden soil from Vietnam (V1), mining soil from Vietnam (V2), and agricultural pasture from France, respectively. We further analyzed 208 SSU-rDNA sequences of amoebae from Burkina Faso, 359 from Vietnam, and 133 in France. Culturable FLA were identified at the genus level and the diversity per site is shown in Fig. 1 . Tetramitus was the most prevalent genus in the Burkina Faso soil (73%) and garden soil V1 (42%) while Naegleria and Acanthamoeba were dominant genera in the mining soil V2 (55%) and French soil (77%). Few Naegleria were found in Burkina Faso (0.5%) and none was found in France. A small amount of Acanthamoeba was found in Burkina Faso (2.4%) as well as in V1 and V2 (5.9 and 4.8%, respectively). Some genera were present in only one soil. For example, Learamoeba, Willaertia, and Vannella were only detected in Burkina Faso (1, 5, and 2% respectively), while Stachyamoeba were detected only in V2 and Valhkampfia and Mycetozoa only in V1 (1.2 and 0.6%, respectively). Genera such as Vermamoeba and Micriamoeba were only observed in Vietnam soils.
Isolation and identification of bacterial endocytobionts
As amoebae were grown on E. coli, a high proportion of colonies (i.e., up to 52%) were identified as E. coli-like based on sequencing of the 16S rDNA gene. Our study then focused on 37, 20, and 3 bacterial endocytobionts from soils collected in Burkina Faso, Vietnam, and France, respectively. Bacteria belonging to Firmicutes (50%), Actinobacteria (12%), Bacteroidetes (1.6%), and Proteobacteria (37%) phyla were isolated (Table 1) . Most bacterial endocytobionts belonging to Firmicutes were isolated within amoebae from Burkina Faso and found to be closely related to Bacillus, Paenibacillus, and Lysinibacillus species. These bacteria as well as the Enterococcus faecium-like isolates were recovered from Acanthamoeba, Tetramitus, Willaertia, Micriamoeba, and Mycetozoa from the four studied soils. All bacterial endocytobionts belonging to Actinobacteria and identified as Micrococcus luteus, Kocuria rhizophila, or Brevibacterium iodinum were isolated within amoebal genera, i.e., Naegleria, Acanthamoeba, Mycetozoa, and Tetramitus, from Burkina Faso and Vietnam soils. Regarding Bacteroidetes phylum, Chryseobacterium sp. was the only isolate obtained from Micriamoeba in V2. Finally, most isolates belonging to Proteobacteria were isolated from amoebae in Burkina Faso. Bacteria such as Collimonas fungivorans, Brevundimonas vesicularis, Agrobacterium tumefaciens, and Burkholderia sediminicola were found in several amoebal genera from Burkina Faso and both Vietnam soils. Regarding opportunistic pathogenic species, we isolated two Stenotrophomonas maltophilia from two amoebal genera (Micriamoeba and Tetramitus) from two different soils (Burkina Faso and V2). Eight isolates of Pseudomonas aeruginosa were also found in two amoebal genera (Tetramitus and Willaertia) and only from Burkina Faso soil. Finally, a Burkholderia cepacia-like isolate and a Haematobacter massiliensis-like isolate were recovered from Acanthamoeba and Micriamoeba, respectively, from the V2 soil. Identification of P. aeruginosa, S. maltophilia, and B. cepacia isolates was confirmed by a positive PCR amplification with specific gene markers.
Antibiotic resistance profile of bacterial endocytobionts
Sixty strains were tested to determine the antibiotic phenotype. Ten of them did not grow homogeneously on the agar medium and their antibiotic profiles were not determined. A number of antimicrobial agents appear to be active against H. massiliensis. Currently, there are no interpretive minimum inhibitory concentration (MIC) breakpoints for isolates of this species. Nevertheless, carbapenems, aztreonam, ticarcillin, and ticarcillin-clavulanic acid appeared to have good activity against this isolate. In contrast, MICs to aminoglycosides, fluoroquinolones, tetracycline, chloramphenicol, and piperacillin were higher (data not shown).
Antibiotic resistance phenotypes of opportunistic pathogens including P. aeruginosa, S. maltophilia, and B. cepacia were interpreted according to EUCAST recommendations. Besides natural resistances, all of the eight strains of P. aeruginosa isolated from Tetramitus or Willaertia were resistant to trimethoprim/sulfamethoxazole. Five strains were classified intermediate towards aztreonam. On the opposite, the two strains of S. maltophilia isolated from Micriamoeba in V2 soil and from Tetramitus in Burkina Faso soil showed sensitive phenotypes against trimethoprim/sulfamethoxazole. In addition to natural resistances, B. cepacia, isolated from Acanthamoeba from V2 soil, was resistant to tetracyclin.
A principal component analysis was performed in order to evaluate whether relationships might exist between the antibiotic resistance profile of isolates and their associated amoebae and/or soil origin (Fig. 2a, b, c) . The factorial map showed a resistance gradient along PC1 with strains isolated from Naegleria and Mycetozoa being the most susceptible towards antibiotics except quinolones. These strains were closely related to Brevundimonas vesicularis, Brevibacterium iodinum, and Kocuria rhizophilia for Naegleria isolates and to Micrococcus luteus and Bacillus sp. for Mycetozoa. However, in these two genera (Mycetozoa and Naegleria), the number of isolates tested was low (two and three, respectively) and this observation might explain the differences. Furthermore, one can observe an important overlap of the isolates from the other amoebal genera. All these data then suggest that no link exists between amoebal genera and the antibiotic resistance of bacterial endocytobionts (Fig. 2a, c) . Similarly, no link was seen between the geographical origin of soil and their characteristics and the antibiotic resistance of bacterial endocytobionts (Fig.  2b, c) . Furthermore, in these soils, we found bacterial endocytobionts equally characterized with low or high MIC.
Virulence of opportunistic bacterial endocytobionts
The eight isolates of P. aeruginosa (MEEB-Am5.1 to 5.8) were determined to be virulent strains because more than Fig. 2 Principal component plot (PC1 × PC2) generated from the antibiotic resistance properties of bacterial isolates from free-living amoebae. The data table indicates the diameter of the inhibition zone. The groups of isolates are drawn based on amoebal (a) or soil (b) origin. Plot (c) indicates the role of the various antibiotics on the ordination. R and S indicate resistant versus susceptible phenotypes 2500 cells of amoebae were needed to form lysis plaques similar to the P. aeruginosa PT5 control strain (Fig. 3) . Isolates of B. cepacia MEEB-Am3.1, H. massiliensis MEEB-Am4.1, and S. maltophilia MEEB-Am6.1 were also virulent strains since more than 2500 cells of amoebae were needed to form lysis plaque. However, the other isolate of S. maltophilia MEEB-Am6.2 was determined to be a nonvirulent strain as fewer than 400 amoebae were needed to form lysis plaques similar to the control strain K. pneumoniae KpGe.
Discussion
In the environment, the study of amoebal diversity in soils without a priori has been poorly explored. To our knowledge, this is the first study on culturable FLA diversity in various contrasting soils as most studies have focused on amoebal diversity in waters (Thomas et al. 2006; Delafont et al. 2013) or on the environmental prevalence of only one amoebal genus (Geisen et al. 2014; Reyes-Batlle et al. 2016 ). This study focuses on the diversity of culturable amoebae and their bacterial endocytobionts in soil samples collected from different geographical areas (Burkina Faso, Vietnam, and France). It showed that soils host diverse culturable FLA which also hold a high diversity of culturable bacterial species. Indeed, FLA diversity is different according to the origin of the soil. These differences could be due to soils characteristics (such as pH which is lower in France and in V2 soils), to moisture linked to the climate, and soil temperature during sampling. These physical parameters have been described to affect the ecology of FLA (Rodríguez-Zaragoza 1994) . However, in our study, no robust correlation can be performed between soil characteristics and amoebal diversity due to the low number of soil samples tested. In each soil, a predominant genus was identified: Tetramitus in Burkina Faso and V1, Naegleria in V2, and Acanthamoeba in France. Previous studies showed that Acanthamoeba and Vermamoeba are the most represented genus of FLA in the environment and more particularly in industrial waters (Scheikl et al. 2014) , hospital water networks (Thomas et al. 2006; Muchesa et al. 2017) , drinking water (Delafont et al. 2013) , cooling towers (Atlan et al. 2012; Scheikl et al. 2016) , and soils from the Negev Desert (Rodriguez Zaragoza et al. 2005) . Our results on the French soil are in accordance to these previous studies. However, our results are original for the three other soils. To our knowledge, Tetramitus is poorly studied in the literature and only one study showed that the predominant amoebal genus in the environment is Tetramitus (Farra et al. 2017) . Recently, a study on treated and untreated water samples showed that Naegleria was the major genus found in water samples (Majid et al. 2017) . Tetramitus and Naegleria are frequently found in the environment but often in a minor proportions (Delafont et al. 2013; Ramirez et al. 2014; Mulec et al. 2016; Delafont et al. 2016; Muchesa et al. 2017 ). In our soils, minor amoebal genera such as Willaertia, Vannella, or Learamoeba were only detected in one out of the four soils, which suggests that each genus could be used as an indicator of soil type and/or geographical area. However, this result must be taken with caution due to the low number of soil samples tested and the limited number of FLA isolated. Also, it is important to emphasize that the use of NNA-E. coli plates to recover FLA is a limit of the method. Indeed, only FLA that are able to grow on this type of media (with E. coli as food) could be identified and it is possible that some genera may have been missed.
Regarding bacterial endocytobionts, this work shows several culturable bacterial species associated with FLA in soils. Firmicutes isolates such as Paenibacillus sp., Lysinibacillus sp., Bacillus sp., and B. fluminis were associated to different FLA genera and mostly from Acanthamoeba. These bacteria were previously found in association with FLA in drinking water (Delafont et al. 2013 (Delafont et al. , 2016 . Furthermore, Paenibacillus sp. was even characterized as a symbiont in Acanthamoeba . While these bacteria are environmental genera (Guo et al. 2015; Gomes Cavados et al. 2017) , some strains belonging to Paenibacillus or Bacillus such as Bacillus cereus and Paenibacillus thiaminolyticus sometimes cause human infections (Ouyang et al. 2008; Ikeda et al. 2015) . Even if none of these pathogens were isolated, some isolates were found to be closely related to other human opportunistic pathogens, i.e., S. maltophilia, P. aeruginosa, and B. cepacia. These results are in accordance with other studies characterizing the diversity of intraamoebal bacteria in drinking water networks (Delafont et al. 2013 (Delafont et al. , 2016 . Indeed, Stenotrophomonas and Pseudomonas are often the major genus isolated in amoebal microbiome (Delafont et al. 2016) . However, these studies did not identify these intra-amoebal bacteria at the species level. Co-culture studies with Acanthamoeba or Vermamoeba showed the ability of S. maltophilia and P. aeruginosa to resist amoebal digestion and multiply inside (Marolda et al. 1999; Cateau et al. 2014; José Maschio et al. 2015) . Our data then clearly confirmed the potential presence of these pathogens associated with FLA. Those reports are of public health concern as both species can be responsible of both nosocomial and community-acquired infections (Looney et al. 2009; Mariappan et al. 2013; Winstanley et al. 2015) . Another species belonging to Proteobacteria was isolated from Micriamoeba: Haematobacter massiliensis. As far as we know, this species has never been isolated in amoebal microbiome. This report is interesting as H. massiliensis has been isolated from blood samples from patients with septicaemia (Buscher et al. 2010) . The advantage of using culturable approach is that it allows characterizing both genetically and phenotypically the bacterial species isolated from the amoeba. For example, S. maltophilia was described in Tetramitus but also in Micriamoeba. However, this association could not be extrapolated to any environmental sampling.
Intra-amoebal bacteria such as Mycobacteria-like bacteria were not found within FLA in this study. This could be related to the use of TSA 1/10 and Drigalski media which may not be appropriate for the isolation of these particular species and may give a non-exhaustive overview of the diversity of bacterial endocytobiont. Furthermore, these media may not be adapted for the growth of demanding bacteria. Also, the use of E. coli as a food to isolate FLA might hamper the growth of minor intra-amoebal bacteria and/or those with a low growth rate. It would then be interesting to use various culture media and various feeding microorganisms, i.e., Saccharomyces cerevisiae, in order to get a more exhaustive picture of the diversity of bacterial endocytobionts.
One advantage of using a culture-based approach is the possibility to characterize the phenotype of bacterial isolates in terms of antimicrobial resistance and virulence properties. Among bacterial endocytobionts, antibiotic resistance phenotypes were diverse according to the own natural resistance of each species. The variability in antibiotic resistance profiles looked to be more related to bacterial genera rather than amoebal host. Furthermore, the PCA analyses showed there was no link between antibiotic resistance of bacterial endocytobionts and their amoebal host.
Concerning opportunistic pathogens, antibiotic resistance phenotypes also varied widely. The eight isolates of P. aeruginosa displayed one more resistance than natural resistances known to be due to the presence of the various efflux pumps (Hancock 1998) . Similarly, B. cepacia was resistant to 11 different antibiotics with five resistances towards betalactams. As B. cepacia is considered as naturally resistant to beta-lactams, aminoside, and colistin (Hancock 1998) , this B. cepacia-like isolate did not showed additional resistances. Regarding S. maltophilia, no supplementary antibiotic resistance was detected compared to natural resistance. These strains displayed an antibiotic resistance phenotype close to S. maltophilia strains isolated from French soils and different to MDR S. maltophilia strains isolated from Tunisia and Burkina Faso soils (Deredjian et al. 2016 ).
The isolate identified as H. massiliensis showed high MICs towards different classes of antibiotics including aminoglycosides, fluoroquinolones, tetracycline, chloramphenicol, and piperacillin. Tetracycline and chloramphenicol are usually effective against this species isolated from clinical specimens (Helsel et al. 2007 ). In our study, these molecules displayed a poor activity against the strain isolated in Micriamoeba. This isolate was also found to be virulent. It has to be noted that the antibiotic resistance properties of this species as well as its virulence are still poorly documented.
In our study, all P. aeruginosa isolates and B. cepacia strains were found to be virulent strains. These observations are original, because in previous reports, most virulent species of P. aeruginosa or B. cepacia were isolated from clinical environments (Leitao et al. 2010; Streeter et al. 2016) and few data are available concerning the virulence properties of soil isolates belonging to these species. Furthermore, P. aeruginosa bacteria are rarely isolated from soil due to its low occurrence in this environment (Selezska et al. 2012; Deredjian et al. 2014) . Also, both virulent and non-virulent phenotypes were observed for the two isolates of S. maltophilia. It is quite surprising to find virulent S. maltophilia isolate in soil amoebae whereas most clinical or environmental isolates of S. maltophilia are considered as non-virulent (Adamek et al. 2011 ).
Conclusion
Our study confirmed the worldwide diversity of culturable FLA in soils whatever their characteristics (pH, climate, season, ...) are. Our results highlighted dominant genera as Tetramitus in Burkina Faso and V1, Naegleria in V2, and Acanthamoeba in France. The potential of these FLA to host various bacterial species including opportunistic pathogens such as P. aeruginosa, S. maltophilia, B. cepacia, and H. massiliensis was also shown. Thanks to the culturable approach, this work allowed (i) to associate a bacterial species to an amoebal genus, which is not the case using metagenomic studies, and (ii) to characterize the antibiotic resistance profile and the virulence properties of each opportunistic bacterial endocytobiont. These endocytobionts displayed natural antibiotic resistance profiles and variable virulence properties. Among them, some isolates were highly virulent as described for clinical strains. As literature reported that virulence and antibiotic resistance of intra-amoebal bacteria could be intensified (Loret and Greub 2010) after passing through the amoeba, further work will be performed to evaluate these properties among the various bacterial endocytobionts isolated in this study. Co-culture experiments could be performed to assess the ability of bacterial endocytobionts to multiply within amoebae and then evaluate whether their release in large number in the environment would be at risk for human health.
